This work presents accurate ab initio investigations of various spectroscopic properties of a few Li-like ions in presence of a plasma environment within the Debye screening potential. The coupledcluster theory in the relativistic framework has been employed to compute ionization potentials, excitation energies, electric dipole oscillator strengths, and electric quadrupole transition probabilities of Li-like C 3+ , N 4+ , and O 5+ ions. The unretarded Breit interaction has been implemented to increase the accuracy of the calculations. The effects of ion density and temperature on the ionization potentials, excitation energies, electric dipole oscillator strengths, and electric quadrupole transition probabilities have been investigated in the plasma environment. It is found that the plasma screening leads to a sharp decrease in the ionization potential as the screening strength increases. With increasing strength, the oscillator strengths associated with 2s 2 S 1/2 →2p 2 P 1/2,3/2 transitions increase, whereas the transition probabilities associated with 3d 2 D 3/2,5/2 →2s 2 S 1/2 transitions decrease.
. The astronomical observed lines are expected to be affected by the plasma atmosphere at the origin and therefore important for plasma diagnostic purpose. Forbidden transition lines, i.e., electric quadrupole (E2) and magnetic dipole (M1) transition lines provide very crucial parameters for estimations of density and internal temperature measurements at low density hot plasmas [55] [56] [57] . Also, the transition rates of forbidden transitions provide accurate dielectric recombination rates for these ions [58] [59] [60] .
Several theoretical methods have been used to model the effect of plasma environment on the spectroscopic properties for one-electron [22, 24, 29] and many-electron [27, 28, [61] [62] [63] systems. Due to the screening effect, lowering of the ionization potential is demonstrated by Stewart and Pyatt [64] . The Debye plasma screening on lighter atoms or ions have been studied over last decade using different many-body approaches [27] [28] [29] 65] and showed enough avenues of improvement. Recent works of correlation exhaustive Dirac-Coulomb based coupled -cluster calculations on He-, Li-, Be-and Na-like ions [61] [62] [63] are examples of this. The authors of these works emphasized the importance of relativistic correction on the plasma screening by using more accurate many-body theories within a relativistic framework [61] [62] [63] .
In the present article, we analyze the influence of the plasma screening on the Li-like C 3+ , N 4+ , and O 5+ ions using the Debye model potential. The ionization potentials, excitation energies, oscillator strengths of E1 transitions, and transition rates of E2 transitions are estimated for these ions in the isolated (free) condition as well as within the plasma environment. Here, we have used the Fock-space coupled-cluster (FSCC) method within the Dirac-Coulomb-Breit (DCB) Hamiltonian to consider the relativistic effect on these spectral properties. Recently, Dutta et al . have implemented the unretarded Breit interaction in an all-order approach using the coupled-cluster (CC) theory and demonstrate the effect of electron-electron correlation and unretarded Breit interaction on the boron isoelectronic sequence [66] . It is well known that the dynamical electron correlation, relaxation effect, and Breit interaction are important for moderately charged ions, which are considered here in an accurate way. This paper is structured as follows. Section II discusses brief theory and formalism of the relativistic FSCC approach with the Debye screening potential. Section III presents results and discussions on several spectral properties of Li-like ions and the effect of plasma screening on these properties. Conclusions and future outlooks are presented in Sec. IV.
II. THEORY
In order to consider the effect of plasma environment on the spectroscopic properties, the Dirac-Coulomb (DC) Hamiltonian with unretarded Breit interaction for an N-electron atomic system can be written as
with all the standard notations often used. Here, V D eff (r i ) is the effective potential of the nucleus on the i-th electron due to the presence of plasma environment. The Debye-Hückel potential is considered to examine the effect of screening of nuclear Coulomb potential due to the presence of ions and free electrons in plasmas [39, 67] . In case of weakly interacting plasma medium, the effective potential experienced by the i-th electron is given as
where Z is the nuclear charge and µ is the Debye screening parameter, which is related to the ion density n ion and plasma temperature T through the following relation:
where k B is the Boltzmann constant. Therefore, a given value of µ represents a range of plasma conditions with different ion densities and temperatures. The inverse of the Debye screening parameter is called the Debye screening length, i.e., λ D = µ −1 . The pure Coulomb nuclear attraction corresponds to the zero screening situation (µ = 0).
The wave functions, ionization potentials (IPs) of the ground, and the different excited states for the considered N-electron atomic system are obtained using the FSCC method with single, double, and partial triple excitations within the relativistic framework. The basic formalism of the FSCC method was developed several decades before [68] [69] [70] [71] [72] . The relativistic version of the FSCC theory has been developed recently and successfully employed to obtain the various properties in different single valence atomic systems [73] [74] [75] [76] [77] [78] [79] [80] . Here, we provide key steps of this method. In the relativistic coupled-cluster (RCC) theory, the correlated wave function of a single valence atomic state with a valance electron in the "v"th orbital is written in the form,
where, |Φ v is the corresponding reference state generated at the Dirac-Fock (DF) level of the N − 1 electron closed-shell system using Koopman's theorem [81] . T represents all possible excitations from the core orbitals of the closed-shell system, and S v represents all possible valence and core-valence excitations of the single-valence system. The detail inclusion of the unretarded Breit interaction in this formalism is described by Dutta and Majumder [66] .
The transition matrix element for any operator O in the framework of the RCC wave function can be expressed as
The single-electron reduced matrix elements corresponding to E1, E2, and M1 transitions are discussed in Refs. [82, 83] .
The transition probabilities (in s −1 ) corresponding to E1, E2, and M1 channels from state k to i is given as
and
where
is the transition strength of the operator O (in a.u.), λ (inÅ) is the corresponding transition wavelength, and g k = 2j k + 1 is the degeneracy of the k state. The oscillator strength of E1 transition from state i to k is given as
III. RESULTS AND DISCUSSIONS
The precise DF orbital wave functions, which are the building block of accurate correlation calculations, are generated via the basis set expansion technique in the potential of two core electrons at 1s 1/2 orbital. The radial part of these basis wave functions are considered to be Gaussian type [84] having two optimized exponential parameters α 0 and β. The nuclei are considered as finite size with a Fermi-type charge distribution [85] . The quality of the wave functions for different eigen states is ensured by comparing the reduced matrix elements of the E1 transitions in length and velocity gauges [83] . The calculated average deviations of these matrix elements between these two gauges at the CC Therefore, these forbidden transition lines having relatively higher probabilities can play in the determinations of density and internal temperature inside hot plasmas. Because the M1 transition probabilities are found to be quite low (of the order of 10 −1 s −1 or less), the lines associated with these transitions are hardly possible to detect and hence, are excluded from the consideration here.
After validating the quality and accuracy of our method and calculations for unscreened is a function of ion density n ion and plasma temperature T . Therefore, the above ranges of µ mimic weakly coupled plasma; for example, T = 10 6 K and n ion ∼ 10 22 cm −3 correspond to µ = 0.15 a.u. [62, 91] . This type of condition can be achieved in the laboratory plasmas for high temperature [91] . The relative variations in the IPs as a function of µ for C 3+ , N 4+ , and O 5+ ions are presented in Fig. 1 . For convenience, we define relative variation in any spectroscopic property of interest here, say O, as
It is evident from the Fig. 1 that as the ion density increases or temperature decreases, i.e., the screening strength µ increases, IPs decrease linearly and the systems become less and less stable. This is because, the screening of the nuclear charge increases with the increase of µ and hence, the attractive nuclear Coulomb potential at the valence electron decreases.
This particular fact can be attributed as continuum lowering for the system surrounded in plasma environment. A similar trend was observed already for Li and Li-like ions in the presence of Debye plasma environment [62, 91] . In addition, this figure shows that the fall in IP decreases with increasing ionic charge, i.e., the IP of C 3+ decreases more rapidly than the IPs of N 4+ , and O 5+ within a same interval of µ. With increasing nuclear charge Z of an isoelectronic sequence, the valence electron comes closer to the nucleus and hence can defend more effectively the screening of the plasma environment. are blue-shifted, and from the others are red-shifted. This figure further reflects that the shift in the EEs decreases as the nuclear charge increases. These shifts in the EEs can be attributed by the quantum confinement and electron screening in the presence of the plasma environment [28] . It is well known that the quantum defect decreases as the orbital angular momentum quantum number increases, and for angular momentum quantum number equal and larger than two, the quantum defect is almost zero. Therefore, electronic states with higher angular momentum quantum number among the same principle quantum number experience relatively less effect of µ. For example, EEs for 3d 2 D 3/2,5/2 are less perturbed than the states 3s 2 S 1/2 and 3p 2 P 1/2,3/2 due to screening. In addition, the effect of quantum confinement is the same for the fine structure states. The figure further confirms that the quantum confinement is more pronounced for higher excited states than relatively low-lying states [28] . The relative variations of oscillator strengths with respect to µ values for the most strong 2s 2 S 1/2 → 2p 2 P 1/2,3/2 transitions of C 3+ , N 4+ , and O 5+ ions are shown in Fig. 2 . The relative variations increase monotonically as µ increases and the effect is the same for both the transitions. For a particular value of µ, the screening effect on the oscillator strengths decreases as nuclear charge increases. However, the transition energies corresponding to these transitions change significantly, which reflect in the total change in the oscillator strengths as observed in Fig. 3 . This present trend of the E1 oscillator strengths in Debye plasma has been reported in the recent past [35, 62] . Our present findings show that the lifetimes of 2p 2 P 1/2,3/2 states decrease with increasing plasma strength µ. The lifetimes of these states depend on the third power of wavelengths of the associated E1 transitions to the ground state. This enhances the screening effect on the lifetimes with respect to the oscillator strengths which depend inversely on the first power of the corresponding wavelengths.
The transition probabilities (A E2 ) of the E2 transition 3d 2 D 3/2 → 2s 2 S 1/2 along with the corresponding transition wavelengths for different values of µ are presented in Table III . It 
IV. CONCLUSION
We have investigated the influence of Debye screening of nuclear charges due to the presence of free electrons and ions in plasma medium on the ionization potentials, excitation energies, E1 oscillator strengths, and E2 transition probabilities of C 3+ , N 4+ , and O 5+ . Especially, the study on E2 transitions can be considered a useful tool to model low density and high temperature plasmas. The transition wavelengths are mainly affected by this screening, which characterizes the screening effects on the other associated spectroscopic properties like the oscillator strengths and transition probabilities. Due to the high abundances of these Li-like ions in various astrophysical systems, we hope our investigations will be useful to the astrophysicist in the near future.
